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ABSTRACT 
Solar cell overheating due to high irradiation levels is 
a significant problem facing concentrator systems. Some 
form of cooling is needed to maintain the highest possible 
performance of such systems. Liquid filters may be used 
to inhibit unwanted solar radiation from reaching the cell 
and thus limit cell-operating temperatures. The perform- 
ance of the cooling will depend on the optical properties of 
the liquid filter applied, as illustrated in this paper on the 
basis of different filters. An ideal filter is identified and its 
effects on the systems are described. It is shown, on the 
basis of system modeling calculations, that cell perform- 
ance could be increased by up to 25% using an ideal filter. 
Such a system can reach an efficiency of 22% in a realistic 
working environment compared to a STC value of 16%. 
The absorbed part of the incident radiation can be used as 
a heat source, so adding to the potential value of the sys- 
tem. 
INTRODUCTION 
The efficiency of silicon solar cells tends to increase 
with increasing irradiation, and of course the material is 
expensive. Solar concentrator systems might thus be a 
route to cheaper electricity and hence are attracting sig- 
nificant interest. Two principal advantages of concentrating 
sunlight in photovoltaic appiications are [I j:
1- the solar cells can embody a lower fraction of the sys- 
tem cost, since they are the most expensive part of the PV 
system, and 
2- higher conversion efficiency is possible, mainly stem- 
ming from the cell voltage increase logarithmically with 
radiation intensity. 
Solar cells are prone to overheating under high irradiation 
levels as shown e.g. by Shaltout et al. 121. This is crucial, 
as the efficiency of solar cell decreases significantly with 
increasing temperature, typically by about 0.5% PC [3]. 
Solar cells can utilize only a fraction of the solar radiation 
spectrum depending on their spectral response. The part 
of the spectrum that is outside the spectral response of the 
solar cell contributes to over-heating of the device, which 
results in a decrease in conversion efficiency. Better per- 
formance can be achieved by preventing this unwanted 
irradiation from reaching the cell, which will result in a 
lower operating temperature for the cell. Previous work 
has discussed different methods for decreasing cell tem- 
perature by means of filtering,.such as dichroic beam split- 
’ ters, which divide the incident solar radiation into two 
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parts, and direct each to be incident on a different cell. 
with suitable spectral response 141. This method has the 
advantage that it uses the energy that would otherwise be 
wasted. It is not clear. though, that this will reduce the 
overall system cost significandy as non-standard solar 
cells have to be used. Another approach based on rejec- 
tion of the light is the use of custom made reflective coat- 
ings in the concentration system. however in this arrange- 
ment the potentially useful thermal energy is wasted. 
In this paper, a combined heat and power system is pro- 
posed, that utilizes the energy outside the spectral re- 
sponse range of the cell, thus increasing the overall sys- 
tem performance. The unwanted radiant energy can be 
made useful if it is transformed into a medium temperature 
thermal flux by introducing a liquid filter. effectively adding 
a solar thermal collector in front of a solar cell. The advan- 
tages of introducing a liquid filter are that: 
It could work under higher levels of illumination. 
No isolation or leakage problems appear like those in 
Absorbed radiation is delivered as thermal energy. 
The device chosen here is a Si laser-grooved-buried- 
contact technology cell, commercialized as BP-Saturn that 
is known to operate well in solar concentrators [5]. 
The proposed system, as in Fig. 1. comprises a 100cm2 
cell covered with a liquid filter, which is contained in a thin 
chamber with optical glass front and rear surfaces. Solar 
radiation is incident on the front surface of the liquid filter; 
only the transmitted radiation is incident on the solar cell’s 
surface 
back cell water-cooling systems. 
Fig. 1. Schematic diagram of the proposed system 
1588 
The liquid enters, and leaves the filter chamber with tem- 
peratures T, and To respectively. In order to understand 
the influence of filtering on the performance of the solar 
cell, an optimum filter configuration is identified, and the 
influence of this ideal filter is investigated here. This con- 
figuration can be applied later with commercially available 
liquids, in order to actual anticipated system performance. 
SYSTEM MODELING 
A simulation program for modeling the proposed sys- 
tem behavior and performance was developed using Del- 
phi. Tne system model is divided into two main parts. The 
first deals with thermal modeling of the solar cell as a re- 
sult of operation under variable radiation and ambient 
temperature values. The second part deals with calcula- 
tions of the electrical parameters of the cell, such as short 
circuit current (is$), open circuit voltage (Vac), maximum 
power (M.P), and Efficiency (11) corresponding to the cal- 
culated operating cell temperature and incident irradiance. 
Thermal Modeling 
The cell operating temperature is calculated using a 
thermal model presented by Fuentes [6]. which solves the 
energy balance equation of a photovoltaic device in real 
operating conditions. The model considers convective heat 
losses and radiative heat exchange to the sky and ground. 
The parameters assumed for this model are: wind 
speed=lm/s, cell emissivity and absorptivity=0.84 and 
0.83 respectively, cell thermal capacity=l 100 J/m*."C, 
INOCT=49 "C, and clearness index=0.9. 
Electrical Modeling 
In order to find the electrical output of the solar cell in- 
corporating certain spectral radiation conditions, the pro- 
gram assumes an incident AM15 spectrum. Based on the 
known spectral transmission of the filter, both total and 
spectral irradiance of the transmitted radiation are calcu- 
lated. The corresponding J,, is given as: 
J, = !SR( l ) .G( l )T( l ) .Ml  (1 ) 
where h is the wavelength, SR(2) is the spectral response 
of the cell, T(2) is the spectral transmission of the filter 
used and G(A) is the irradiance measured in 
Wm-%ni'. The simulation program generates a complete 
I-V curve using the twodiode model based on the cell's 
data sheet parameters: Subsequently, the device perform- 
ance parameters could be evaluated. 
Model Validation 
Cell efficiency is calculated as the ratio of the maxi- 
mum power delivered by the solar cell, to the solar irradi- 
ance transmitted through the filter and incident on its sur- 
face. Generally, modeled cell parameters show strong 
correlation with the measured parameters, indicating that 
these calculated parameters are suitable for use in further 
calculations. Measured and calculated efficiencies at a cell 
temperature of 27 "C are shown in Fig. 2. Modeled effi- 
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ciency is slightly higher than that of measured, because 
losses such as cell reflectivity and external leads resis- 
tance are not included in the simulation process. The re- 
duction in the calculated efficiency of the cell at unregu- 
lated temperature at different intensities is also shown in 
order to emphasize the importance of cooling. 
-lsl?l 14 
0 1000 2OW 3000 4000 5000 
Incident Radiation (W/ml) 
fig. 2. Measured and modeled efficiencies as a function of 
radiation intensity at cell temperature 27"C, and modeled 
efficiency at calculated cell temperature. 
IDEAL FILTER ESTIMATION 
In order to investjgate theoretical performance of the 
solar cell coupled with such a filter, the spectral transmis- 
sion of optimum filter should be defined. Firstly, the maxi- 
mum power of the solar cell is calculated using the model 
under a given amount of incident radiation without any 
filter. Then. a filter is introduced which is assumed to have 
spectral transmission as in the following equation: 
L > d ,  2 x 2  i" 0.95 i l c2uZ ST. = 
where x1 and x2 are the iefl and right edges of that filter. 
These lefl and right edges are evaluated, and the influ- 
ence on the device output is investigated. It should be 
emphasized here that, thermal effect of the incident radia- 
tion is also considered when evaluating the filter, i.e. not 
only magnitude of the irradiation is of importance but also 
its heating impact. The right edge of the liquid filter is ini- 
tially assumed to be 1100 nm. coinciding with the upper 
boundary of the response band, and is moved downwards 
in 10 nm steps, and in each step the program calculates 
the maximum power of the cell, which is observed to in- 
crease with moving the right edge of the filter in this man- 
ner, until an optimum point is reached, which corresponds 
to the highest performance of the cell. Having fixed the 
right edge at that optimum value, the same procedure is 
repeated in order to find the lefi edge, now stepping the 
wavelength up f" an initial value of 300 nm. The opti- 
mum filter is found to have a transmission in the region 
450-920nm, as shown in Fig. 3 with a total transmission of 
59%. The solar cell quantum efficiency is plotted in the 
same figure to show the included and rejected parts. 
PERFORMANCE ENHANCEMENT 
System modeling is carried out on a daily basis. as this is 
a more realistic way of assessing system performance. 
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Fig. 3. Spectral transmission of the optimum filter, along 
with the quantum efficiency of the cell used. 
An irradiance and daily ambient temperature profile 
from measured data, as shown in Fig. 4, is applied to a 
solar concentrator. variable concentration ratios are as- 
sumed. 
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Fig. 4. Hourly variation of the incident solar radiation and 
ambient temperature. 
Performance of the solar cell is calculated and com- 
pared for three solar intensity regimes: 
1 Sun, i.e. unconcentrated solar radiation without using 
any filter. as the baseline - 7 Suns, without using filter, as it is the highest intensity 
that can be incident on the cell without reducing its electri- 
cal output significantly. 
11 Suns, using the ideal filter derived above, because 
the transmined intensity is nearly identical to that of the 
second regime. 
Modeling show that cell temperature could reach more 
than 160°C at 7 Suns around noontime without the use of 
filters. The simulation confirms that cell temperature is 
remarkably decreased when using the ideal liquid filter. 
For comparison, Fig. 5 shows cell temperatures at 1 and 7 
Suns without using filter and, 7 and 11 Suns using filter. 
Elevated cell temperature will have a direct impact on the 
V&, which displays a reduction around midday, although 
an increase in irradiance normally would cause an in- 
crease in V,. As shown in Fig.6, this reduction in the V, is 
not an artifact of using the filter, as it is also experienced 
by a 1 Sun system operating Without any filter. V,, of the 
11 Suns filtered regime is higher than that of the 7 Suns 
unfiltered regime. This is because the cell temperature is 
slightly lower and because of the improved matching of the 
incident spectral irradiance to the cell response. 
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Fig. 5. Cell temperatures over the day for the 1- and 7 
Suns without using filter and, 7 and 11 Suns using filter. 
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Fig.6. Open circuit voltage variation over the day for the 
three regimes. 
1% is linearly related with cell temperature. Thus one would 
expect the maximum Isc to be at noon time, as in Fig. 7. 
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Fig. 7. Hourly variation of short circuit current for the three 
regimes. 
Despiie the irradiance for the filtered and the unfil- 
tered regimes being chosen to be equal, the filtered sys- 
tem produces higher current; an increase of 22% is ob- 
served. Again, this is due to the improved matching of 
incident irradiance and spectral response of the cell. The 
enhancements of the filtered system in both current and 
voltage translate into an improved power generation. as 
shown in Fig. 8. The power of the filtered system shows a 
gain of 24% at noontime over the unfiltered system. The 
drop in the power at midday is a thermal effect, due to the 
increased cell temperature. 
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Fig. 8. Hourly variation of the maximum power of the solar 
cell for the three different illumination regimes. 
Efficiency behavior is shown in Fig. 9. The figure shows a 
drop at midday for all illumination regimes. 
The unfiltered 1 Suns regime, has a value around 14 Ohat 
noon, and is reduced dramatically by increasing the illumi- 
nation intensity to 7 Suns to around 5.6% as an effect of 
increasing both radiation and temperature. 
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Fig. 9. Hourly variation of the efficiency for the different 
illumination regimes 
Enhancement of the efficiency using the optimum filter 
at 11 Suns is demonstrated in the same figure, as spec- 
trum quality becomes closely matched with the cell spec- 
tral response. 
The efficiency of the solar cell running in the filtered re- 
gime has a value of about 7.3% at noon, i.e. it is increased 
by about 30% compared to the unfiltered 7 Suns mode, 
although radiation intensities of both regimes are nearly 
the same. 
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Fig. 10. Daily output energylreceiver area of the different 
regimes 
Finally, the total energy gain of the system is illustrated in 
Fig. 10. The daily-accumulated energy of the different re- 
gimes is compared. The graph compares four regimes, 
which are: 1 Suns unfiltered, 7 Suns unfiltered. 7 Suns 
filtered, and 11 Suns filtered regimes. Although the 7 Suns 
filtered regime receives less radiation for electric conver- 
sion than that of 7 Suns unfiltered regime (as the filter re- 
moves about 40% of the solar radiation by absorption), the 
former also produces useable heat. The 11 Suns filtered 
system delivers about 65.9W and 233.7W as electrical and 
thermal output respectively. 
CONCLUSIONS 
A PV concentrator system using a liquid filter has 
been demonstrated to significantly reduce celi-operating 
temperature. The irradiance filtered out can be used to 
provide useful thermal gain, thus significantly increasing 
the overall system efficiency. 
An ideal filter has been identified, having maximum spec- 
tral transmission in the region 450-920nm. Enhancement 
of the solar cell's electrical output was calculated based on 
the application of such a filter, and the efficiency was 
found to be increased by about 30%. due to cell cooling 
and improved spectral matching. Thermal gains due to 
radiation absorbed in the filter were also calculated as 
being equivalent to about 40% of the concentrated radia- 
tion incident on the system. 
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